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ABSTRACT 


An apparatus was constructed for optical investigation 
of the sprays produced by liquid injection into a vacuum 
Msing Various Mozzle Orifice Sizes dnGmauh wig prccourecs. 

A light transmission technique was employed to measure the 
mean diameter of the droplets in acetone sprays. Indepen- 
dent calculation of the densities of the sprays allowed 

the droplet sizes to be established by measuring the 

optical transmittance of a single spectrally pure wavelength 
of light through the sprays. A graph of droplet diameter, 
normalized for nozzle orifice diameter, vs. driving pressure 
was constructed. Mass and volume flow rates for the liquid 


injection system were calculated. 
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Bish OF SYMBOLS 


A Angstrom unit 

Ol Size number = o 

oe Number of particles per unit volume 

Cc, Volume of particles per unit volume 

d Injection orifice diameter 

D Droplet diameter 

D5 Ratio of the third moment of the size distribution 


function to the second moment 


I Intensity of light after it has passed through 
an aerosol 
I. inmlerealLwancensilty of) light 
K Scattering coefficient 
Q Optical path tength 
r Wavelength of light 
m Refractive index of particles relative to the sur- 


rounding medium 
Nr(D) Size aeeteneicn Pune: Lon 
P Injection driving pressure 
fe Phaseshift parameter = 2a(m - 1) 
P35 Phaseshift parameter based on the diameter D 


32 
‘it Optical transmittance = I/t. 


NOTE: Mean values are denoted by a bar (-) above the symbol. 
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Pm SEC RObDUCTLON 


Recently there has been considerable interest in the 
Mechondsms OF Liquid injection and “their role in the control 
of the rate and/or completeness of combustion. When a 
rocket motor is ignited at a high altitude, the combustion 
chamber pressure may be low enough to cause disruption of 
the propellant jets before impingement occurs. Such fanning 
of the jets will result in a serious ignition delay when 
hypergolic propellants are used. Hence, much work has been 
done [{Refs. 1, 2, 15, 16] to determine how the atomization 
process can be modified or completely changed in character 
by environmental changes. Specific attention has been paid 
to the droplet sizes that are produced by different types 
of injectors under various environmental conditions [Refs. 
Oia Om S| 4 

The preponderance of droplet size analysis attempted 
in the past was approached via a tedious photomicrographic 
method. Photography offered a simple way to record a 
Statistically valid sample of the droplets produced in a 
test. But since aerosol droplet sizes fluctuate in time, 

a method of size measurement that affords greater rapidity 
than a photographic method is desirable. 

A theory of light scattering by small particles has 
been derived from Maxwell's equations for the behavior of 
electromagnetic waves [Refs. 12, 13, 18]. Application of 


the optical properties of an aerosol as a possible indicator 


ae 


of droplet sizes is relevant to the development of a method 
appropriate to the case at hand. 

Droplet size measurements using optical properties are 
relatively straightforward when the droplet sizes are 
uniform, 1.e., a monodispersion. However, the present case 
presents a polydispersion made up of various time dependent 
Sizes. This investigation applies a method due to Dobbins 
and Jizmagian [4] for interpreting the optical transmittance 
of a polydispersion in terms of a well-defined mean droplet 
diameter. This approach is unqualified with respect to | 
droplet sizes, and can be applied to droplets, aerosols, 


and colloidal suspensions. 


ae. 
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When a parallel beam of light is incident upon an aggre- 
gation of dielectric particles uniform in size and spatial 
distribution, the fraction of the incident energy that 
emerges without experiencing a deflection from the original 


direction of propagation is given by Dobbins and Jizmagian 


[5] as 
a mD* 
T= — = exp [-K(a,m) — C_ £] (1) 
i 4 n 
O 
where 
T is the optical transmittance 
lk is the intensity of the light after it has 
passed through the aggregation 
i is the initial intensity of the light 
K(a,m) is the scattering coefficient for dielectric 
particles 
O is the size number (a = TD/\)) 
m is the refractive index of the particles 


relative to the surrounding medium 
D is the particle diameter 


C is the number concentration, or number of 
particles per unit volume 


Q is the optical path length 


r is the wavelength of the light 


In the inverse problem to the one of interest here, 


Equation (1) can be used to test the solution of Maxwell's 


dls: 


wave equations for electromagnetic waves incident on a sphere 
as developed by Gustav Mie [Refs. 12, 13, 17] in 1908. That 
is, the scattering coefficient can be calculated from the 
spectral transmittance of a known concentration of particles 
of predetermined diameter. The value of the scattering 
coefficient so obtained can then be compared with the theo- 
retical value given by the Mie theory. Experiments of this 
kind show agreement of better than 10 per cent between 
experiment and theory for a broad range of K(a,m) [5]. 
Hence, it can be safely assumed that use of the Mie theory 
will yield valid results for the scattering coefficients of 
Suspensions of uniform but unknown particle size and 
concentration. 

Equation (1) has little significance in most practicle 
applications, however, because few dispersions are of uni- 
form size. Dobbins and Jizmagian [5] circumvented the 
difficulty presented by the polydispersion by observing 
that a particular mean diameter is directly related to a 
mean scattering cross section for a variety of distribution 
functions, and is relatively independent of the shape of 
the size distribution function which is usually unknown. 

The development of this observation advanced by Dobbins 
and Jizmagian is partially reproduced here. 

The extension of Equation (1) for a polydispersion 
results in 


D 
T= exp [- 7 C2 S "k(D,m) Nr(D) D* dD] (2) 
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wheme Nr(D) is the particle size distribution function 


D 
defined such that L 2 Nr(D)dD is the relative probability 


1 
of occurrence of particle sizes between Dy and D,. In Ehas 
form the transmittance law still offers no prospect of a 


determination of unknown particle size. However, a mean 


scattering coefficient is defined as 


om ; 
f Kiem) Nie Db) ) DedbD 
K = Sa ee (33 
r ° Nr(D) D* aD 
O 


Further, the number concentration, Coe can be eliminated in 
favor of volume concentration, Ci i.e., the volume of 


particles per unit volume, such that for spherical particles 


ec. = es feces Nr(D) D°dD (4) 
V NG 5 


Inserting Equations (3) and (4) into Equation (2), and 


defining a mean diameter, D as 


B22 


Ds e 
Sf NE{ BD) De sab 
O 


D., = —___- 2) 


Be > 
f Nr(D) D™ aD 
O 


the transmittance relation becomes 


T = exp [- (K/D..,) Ck) (6) 


2 


A simple interpretation of D becomes clear by noting 


32 
that the volume to surface ratio of a collection of spherical 


particles of uniform size is D/6. The volume to surface 


as 


PatilOeor ajicollectien of om particles per unit volume of 


disperse sizes is 


D 
TI o0 S 
D Ch ra Ns (= =-cllp 


oe eee (7) 


3 

6 Deo ; 

Coie Nie (Dips ab 
n O 


Thus the volume-surface mean diameter is that diameter when 


is exactly six times the volume to surface ratio of the poly- 


dispersion, and is the ratio of the third moment to the 
second moment of the size distribution function. More 
simply, if a polydispersion is replaced by a monodispersion 
possessing the same volume to surface ratio, then the 
diameter of the particles composing the monodispersion is 
equal to the D5 of the polydispersion. 

The transmittance law as expressed by Equation (6) is 
sufficient to directly measure the quantity K/Da51 the mean 
Specific scattering cross section, if the particle volume 
concentration is known. Evaluating this same equation for 
two widely separated wavelengths of light will yield both 
the mean particle diameter and the concentration for parent 
populations for which CH or C., cannot be determined. 

Evaluation of K is a complete investigation in itseem 
and will only be touched upon lightly here. The mean 
scattering coefficient, normally given by a slowly converg- 


ing series, can be approximated by 


ae ee oe 1 i Gos p) /p- (8) 
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in which the phase-shift parameter is p = 2a(m-1). For 

0 >>1 Equation (8) gives K=2, while for p <<1 it reduces 

to K = pa 2e Thus, for particles much larger than the wave- 
length of the incident light K/P 35 + 2/055 for a>>1. 

Where these simplifying assumptions cannot be made, values 
of K may be extracted from exact tabulations of the mean 
scattering coefficient vs. various phase-shift parameters 
for a large range of relative refractive indicies. Several 
tables of this nature are given in Refs. 9, 11, and 13. 

An alternate optical approach for this investigation 
would have been to measure the angular distribution of 
scattered light to obtain information on particle size 
distribution. However, the prediction of scattered light 
intensity by Mie's theory can only be used when multiple 
scattering is absent. Hence, a concentration limitation 
1S imposed that can preclude valid interpretation of light 
scattering measurements. 

The transmittance method used in this investigation is 
less sensitive to the error caused by multiple scattering, 
because the portion of the incident light beam that does 
not suffer attenuation can usually be separated from 
scattered light (even in the presence of high particle 
concentration) by using a highly collimated incident beam 
and a receiver of correspondingly high angular resolution. 
The transmittance method generally requires less elaborate 
apparatus, specifically less sensitive detection equipment, 


and thus it was chosen for this investigation. 


Ly, 


Ifl. EXPERIMENTAL APPARATUS 


A major portion of the time spent on this project was 
devoted to the design, procurement, and assembly of the 
components of the systems shown in Figures 1 and 7. A 
detailed description of these systems is presented herein 
as a means to help the reader better understand the experi- 
ment and as an aid to those who may wish to do further 


experimentation. 


A. LIQUID INJECTION System 

The liquid injection system constructed for this study 
consisted of a ligquid accumulator, an injector, a vacuum 
chamber, and pressure measuring devices. Figures 1 and 2 
show, respectively, a photograph and a schematic diagram 
of this system. 

All components of this system were connected with 3/8- 
inch stainless steel tubing, with the exception of the 
vacuum line which was common rubber vacuum hose. Junctions 
were sealed with Swagelok fittings. A vacuum seal was 
insured at the interchangeable nozzle assembly by means of 
a series of rubber O-rings, as shown in Figures 3 and 4. 
Closing and bleed valves were positioned at convenient 
locations throughout the system. 

The liquid accumulator was pressurized by compressed 
nitrogen. Accurate pressurization levels were easily 


attained by Eirst setting a coarse line pressure at the 
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nitrogen bottle pressure regulator and then adjusting the 
downstream Grove differential pressure regulator until 

the desired line pressure was indicated on the associated 
pressure gauge. Once a desired pressure setting had been 
made, the Grove regulator maintained that line pressure 
downstream, even after injection had begun. Injection into 
the vacuum chamber was initiated by a hand operated ball- 
valve just upstream of the nozzle assembly. 

A common laboratory bell jar and baseplate formed the 
vacuum chamber. The bell jar had an inside diameter of 
13.6 inches, an apex above the baseplate of 22.7 inches, 
and a volume of 2978 cubic inches. Easy evacuation of 
this chamber was achieved with the aid of a Speedivac 
vacuum pump. Chamber pressure rise during injection was 
recorded with a Statham Instruments differential pressure 
Ebanscucer.in.~conjUunCtion with “an X =-Y plotter “and the 
appropriate electrical networks. The pressure transducer 
was connected to the vacuum chamber via 3/8-inch stainless 


steel tubing and a 1/8-inch pipe connecter. 


Bo, (OPTICAL) -SYSrEM 

A schematic diagram of the optical apparatus used for 
light transmission measurements is shown in Figure 6. Two 
common laboratory white light sources were used for this 
experiment. Since photomultiplier tubes are too sensitive 
for direct exposure to bright light, even after having 


passed through high droplet concentrations, a series of 


a, 


Kodak Wratten Gelatin neutral density filters were used to 
reduce the incident light intensity to an acceptable level. 
Solution of Equation (6) for mean droplet diameter and 
droplet concentration requires that the transmittance be 
measured for two widely separated wavelengths of light. 
Hence, Thin Film interference filters of A = 6328 A, 
5145 A, and 4880 & were employed in pairs to produce a high 
degree of spectral purity at these wavelengths. In order 
to prevent light of wavelengths other than those of the in- 
terference filters from affecting intensity measurements, 
the remainder of the system, up to the photomultiplier tube, 
was shielded to keep stray light out. A beam splitter was 
Oriented so as to superimpose the two spectrally pure 
wavelengths along a common path through the test chamber. 
Intensity measurements for either of the two individual 
wavelengths were made by alternately chopping off the light 
from the other source. 

A single photomultiplier tube was used to convert the 
transmitted light intensity to a measurable quantity of 
electrical current. A brief explanation of photomultiplier 
tube operation follows. Radiation incident on the photo- 
active grid within the envelope of the tube will release 
some electrons from that grid. A voltage drop then accel- 
erates the electrons to the first of several plates where 
each electron in turn creates another cascade of electrons. 
This process continues, the current being amplified by as 


much as 10° Pio ower we lectrons are Hea From ther 
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phote@multiplier tube to the photometer in the form of 
electrical current. This current is a direct measure of 
incident light intensity. Reference [7] contains more 
information on the construction and operation of photo- 
multiplier tubes. An RCA 1P28 photomultiplier tube was 
used in this investigation because it possessed high 
Spectral response for all wavelengths of light used. 

The photometer was of central importance in this system 
Since it ultimately provided the data necessary to deter- 
mine the mean size and concentration of the droplets in 
question. A Pacific Photometric Model 11 Laboratory Photo- 
meter was used, which is designed for use with all side- 
window photomultiplier tubes and most head-on tubes having 
diameters of up to 2 inches. The Model 11 has a high- 
voltage control that allows the input voltage to be varied 
from -500 VDC to -1500 VDC, a nine-position measuring 
circuit covers full-scale ranges from 10 microamperes to l 
nanoampere, and a recorder output of 100 millivolts for 
all full-scale ranges is located on the back to the instru- 
ment. An X - Y plotter was connected to the photometer via 
this output jack and provided permanent records of the 


transmitted light intensities measured. 
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tVe EXPERIMENTAL TECHN LOUE 


Numerous preliminary tests were performed, both with 
the liquid injection system and the optical apparatus, 
before the final experimental procedures were established. 
Initial liquid injection trials were performed with water. 
The small quantities of water vapor produced in the 


vacuum chamber made it mandatory to switch to another 


liquid with a much higher vapor pressure. Common laboratory 


acetone (see properties in Table I) was chosen and was 
used throughout the investigation. It was also quickly 
determined that injection orifices on the order of 0.01 
inches in diameter would produce flow rates great enough 
to effect a measureable light attenuation, but low enough 
to restrict the pressure rise in the vacuum chamber to a 
reasonable rate. Final data was taken using injection 
Orifices of 0.006, 0.010, and 0.0135 inches diameter. 
Initial attempts to determine the droplet sizes in 
aerosols of acetone involved recording the light trans- 
mission, I/l., for two wavelengths of light along a common 
path through the aerosol. Such measurements would allow 
Equation (6) to be solved for mean droplet diameter and 
the volume concentration. However, all three of the wave- 
length filters which were used (6328 A, 5145 %, 4880 8) 
produced the same intensity ratios, implying that the size 
number a = TD/A was much greater than unity, i.e., the 


diameter of the droplets was much larger than the light 


Ze 


wavelength. Physically this meant that the droplet sizes 
were of such a magnitude that the photomultiplier tube 
was seeing their simple shadows for incident wavelengths 
within the visible spectrum rather than a diffraction 
pattern that is a strong function of wavelength, as in 
the case when a is of order unity. 

Since the apparatus necessary for generating electro- 
magnetic wavelengths outside the visible spectrum was not 
readily at hand, an independent method for evaluating the 
volume concentration, Co was used. If Cc. could be 
determined, Equation (6) could be solved for D35 on the 
basis of a transmittance ratio for only one wavelength of 
ie Cine. 

The volume concentration at some point in the spray 
cone is equal to the ratio of the lateral cross-sectional 
area of the spray cone at that point (provided the evapora- 
tion rate of a droplet is small compared to the time re- 
quired for the droplet to travel from the injection orifice 
to the point of interest - see Discussion). Or, more 
simply, the volume concentration is equal to the ratio of 
the square of the orifice diameter to the square of the 
spray cone diameter at the point of interest. Polaroid 
photographs were taken of the spray cone, illuminated by a 
laser beam, for various experimental parameters and the 
dimensions of the cone were taken from the photographs. The 
cone dimensions so obtained were in close agreement with 
values reported by Schmidt [15] for similar experimental 


Parameters. 
23 


Once the dimensions necessary for evaluating the volume 
concentration had been established, final light transmission 
measurements were made at three individual wavelengths for 
three different injection orifices at driving pressures of 
50, 100, and 200 psig. The measurements were made in a 
plane 7 inches above the injection orifice. 

Figure 9 shows typical chamber pressure rise curves 
for three driving pressures. Similar curves were obtained 
for the three injection orifice sizes used. From these 
pressure rise curves the flow rates for each nozzle were 
evaluated using the ideal gas law. Table III lists these 
injection flow rates for driving pressures of 50, 100, and 


200 psig. 
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Ve , RESUGTS 


The final experimental technique employed to gain the 
information necessary to evaluate Equation (6) for D3. in- 
volved making light transmission measurements for three 
wavelengths of incident light (A = 6328 Re 5145 x, and 
4880 B) through sprays of acetone injected through three 
nozzle orifices (do =F S006 - OVO LO wana. O35. eat 
three driving pressures (P = 50 psig, 100 psig, and 200 
psig). Initial vacuum chamber pressure for all trials 
was taken as 0.00 psig. The numerical results of these 
measurements are tabulated in Table II. 

The optical path length through the spray cone, at a 
height of 7 inches above the injection orifice where the 
light transmission measurements were made, was determined 
to be 2.74 inches for the condition under which light 
transmission ratios were evaluated. Early verification 
that the size number was much greater than unity for all 
wavelengths and droplet sizes allowed the mean scattering 
coefficient to be set equal to 2 for all calculations 
of D335, thus removing the wavelength dependency of Equa- 
tion (6). Mean droplet diameters calculated using these 
parameters spanned a range from 0.8 mils (do = 0.006", 

P, = 200 psi) to 3 mils (qd ad 35875 Batis 50 psi) as 
shown in Table II. These values are of the same order of 
Magnitude as droplet diameters reported by Gooderum and 


Bushnell [8] for superheated waterjets. 
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Figure 8 is a graphical display of mean droplet diam- 
eter, normalized by injection orifice diameter, as a 
function of driving pressure and injection orifice diameter. 
Trends of the data points imply decreasing droplet diameter 
for decreasing injection orifice diameter and increasing 
driving pressure. 

Typical vacuum chamber pressure rise curves for dif- 
ferent driving pressures are shown in Figure 9. It is seen 
that the rate of pressure rise was constant during injection. 
Upon termination of injection the chamber pressure assumed 
a constant value after all of the liguid acetone in the 
vacuum chamber vaporized. Mass and volume flow rates based 


On such curves are tabulated in Table III. 
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ViegeeeokoCuao LON Cr RESULTS 


A high degree of confidence can be afforded the light 
transmission method of particle size determination. Phelps 
[14] performed light transmission particle size analysis 
On various size-groups of graphite particles whose sizes 
had been predetermined by microscopic inspection. The 
graphite particles used were of the same order of size as 
the droplets observed in this study. The theorized mean 
particle sizes predicted by the light transmission theory 
were found by Phelps to be within 0.2 per cent of the sizes 
measured microscopically. Hence, this theory can be used 
to give an accurate meaSure of mean particle diameter, D35- 

The most likely source of error in the calculations of 
droplet diameter in this paper is the value of the optical 
path length, or the diameter of the spray cone at the 
instant the light transmission ratio was evaluated. The 
diameter of the spray cone that forms when liquid injection 
is initiated into a low-pressure chamber constantly de- 
creases as the pressure rises in the chamber until a liquid 
stream forms as the chamber pressure surpasses the vapor 
pressure of the liquid. Hence, in this investigation the 
optical path length, for a given set of experimental 
parameters, was a function of the instantaneous vacuum 
chamber pressure at the time the light transmission ratio 
was evaluated. By coupled use of the time scales on the 


pressure rise curves and the light transmission plots, all 


2d 


calculations of droplet size were made for the same instan- 
taneous chamber pressure, 0.125 psia, and therefore the 
Same optical path length. The dimensions of the spray cones 
were taken from photographs and were in close agreement 
with results reported by Schmidt [15]. However, in spite 
of the above technique the confidence placed upon the optical 
path length so obtained must be less than for the other 
experimentally measured parameters. An error for this 
parameter on the order of 15 per cent is possible. 

The mass and volume flow rates tabulated in Table III 
were calculated using ideal gas law relations and values 
of pressure rise in the vacuum chamber taken from curves 
Similar to those shown in Figure 9. These calculations 
will be discussed here in detail. 

The constant rate of pressure rise in the vacuum 
chamber upon initiating injection is due to evaporation of 
the liquid droplets as they rise in the vacuum. The con- 
stant rate of pressure rise therefore implies a constant 
rate of liquid mass evaporation as long as injection con- 
tinues and chamber pressure remains below the vapor pressure 
of acetone. Upon terminating injection the chamber pressure 
continues to rise for a short time at a steadily decreasing. 
rate as the liquid mass left in the chamber at the ins ame 


the valve was closed vaporizes. When all the mass in the 





chamber has vaporized, the chamber pressure assumes a steady 


value. 
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What is not immediately obvious is that the volume of 
liquid in the tubing between the main valve and the injec- 
tion orifice (a volume of 0.512 cubic inches) does not 
effect a measurable pressure change in the chamber for an 
extended period of time following termination of injection. 
When the main valve is closed, flash vaporization of only 
a small amount of liquid at the injection orifice reduces 
the liquid volume upstream of the orifice to the vapor 
pressure of acetone. The acetone vapor formed at the sur- 
face of the liquid then diffuses into the vacuum chamber 
through the injection orifice due to a driving pressure of 
about 3.5 psia. Calculations show that sonic flow of 
acetone vapor through the 0.010 inch diameter nozzle into 
the vacuum chamber will cause a pressure rise rate of 
about 4 x ior psi per second, which is negligible com- 
pared to the relatively short time periods during which 
pressure rise curves were plotted. 

In light of the above discussion, the stable pressure 
attained in the vacuum chamber following the termination 
of injection was due to the vaporization of the liquid 
mass that flowed through the injection orifice in the time 
span that the main valve was open, and so was used to calcu- 
late the ideal mass and volume flow rates. Primed values 
of mass and volume flow rates listed in Table III are those 
flow rates which would produce the constant rates of pres- 
Sure rise actually observed, assuming flash vaporization 


of the injected liguid. 


29 


Calculation of the volume concentration at the point in 
the spray cone where the light transmission measurements 
were made assumed that a volume of liquid experienced negli- 
gible evaporation as it traveled through the spray cone. 

As a check on this assumption, calculations were made to 
estimate how much liquid volume was lost to vapor in the 
6.5 x 10 ~ seconds required for a drop to traverse the 7 
inches from the injection orifice to the point where the 
light transmission measurements were made. These calcu- 
lations showed that AD/D was of the order of yee, Or the 
a negligible volume of liquid vaporized during the time 
Span in question. Thus, the volume concentration was eval- 
uated as the ratio of the square of the injection orifice 
diameter to the square of the diameter of the spray cone 


at a distance of 7 inches above the injection orifice. 
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VII. SUGGESTIONS FOR FURTHER INVESTIGATION 


The light transmission theory used in this study provides 
a flexible method for investigation of droplet sizes and 
concentrations in aerosols, fogs, and Sprays. Current ideas 
for future investigation include: 

a) Make droplet size measurements as a function of 
distance from the injection orifice to determine how 
the droplet sizes vary as the spray fans out. 

b) Incorporate a heat exchanger into the liquid injec- 
tion system and investigate the temperature depen- 
dence of the droplet sizes. 

c) Conduct droplet size experiments with a number of 
different liquids with a wide range of vapor 
pressures and viscosities to determine the effect 
of these parameters on droplet sizes. 

d) Use data similar to that obtained in this study to 
develop a theory for predicting droplet sizes under 


a variety of environmental conditions. 
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FIGURE |. APPARATUS FOR THE STUDY OF LIQUID STREAMS 
“INJECTED INTO A LOW-PRESSURE CHAMBER 
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FIGURE 3. 


: FIGURE 4. CROSS-SECTION OF NOZZLE ASSEMBLY | 
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FIGURE 6. OPTICAL APPARATUS USED FOR 
LIGHT TRANSMISSION MEASUREMENTS 


a2 





NOLIWYsdO NI SALIVeVddV WolldO “2 3YNolS 





40 


O02 


JO 


,SElOO=9°P ¥ 
,010'0 =°P O 


,900°0=°p DO 





3YNSS3Yd ONIAING “SA °p/ Eq 


(OTSd) wnssag bulAug 
OOl 


“8 SYNSIS 


£0 


vO 


SO 


4] 





SSYNSSSAYd ONIAIYG SNOIWVA YOS SWIL “SA SYNSS3SY¥d 


O£ Od 


PaSOjD aA|O/A 





YSEWNVHO Ni 


(298) ow, 6, 


ASV SYONI 


‘6 SW 





CVTSid) — eunssaug sequioyd 


42 


HO 


Ales ie 


Nae 


bist OF Rey EeRENCES 


Bailey, J. F., "Metastable Flow of Saturated Water," 
iMaansect Lone. Of Ene AoMbh.- vVe73,-p. LLOS=1LLile, 
November 1951. 


Brown, R. and York, J. L., "Sprays Formed by Flashing 
eects. A leo wi. UOUMmmal,. V. lL, p. agai soe 
May 1962. 


Dobbins, R. A., "Measurement of Mean Particle Size in 
a Gas-Particle Flow," AIAA Journal, v. l, p. 1940- 
ioa2, Augus = 1963. 


Dobbins, R. A., Crocco, L. and Glassman, I., "Measure- 
ment of Mean Particle Sizes of Sprays from Diffrac- 
Ebveliny Scaceerea Light, AIAA Journal, v. 1, 
Dameoez—hooo,, August=1963. 


Dobormns,. KosAs tana JlzZMagian;, Ga Ss, “Optical Scatter— 
ing Cross Sections for Polydispersions of Dielectric 


Spheres, J. Opts soc. Am., V. 56, p. 1345-1350, 
October 1966. 


Dobbins, R. A. and Jizmagian, G. S., "Particle Size 
Measurements Based on Use of Mean Scattering Cross 


SCeeLOns, #0 mOne a SOC Me, Ve D0, P. Lial—1354, 
October 1966. 


DUSVOn Ee IeOuPpohation, PhotomuleLrp lier Tubes, Dul Prone 
Publications, 1966. 


Gooderum, P. B. and Bushnell, D. M., "Measurement of 
Mean Drop Sizes for Sprays from Superheated Water- 


lees, wWeasopaceckart,- VvarG, p. 197-198, Februar, 
1969. 


Kerker, M., Kratchvyil; wo P. and Matijevic, E., “Light 
Seabtering Lumetions Tor sm — 1.60 (0204) 2708 and 
a= 0.1 (0.1) 10.0. I. Mie Scattering Coefficients," 
eyo COC N ny Goya Oa obi? OCCODer AhgGl: 


Kirk - Othmer Encyclopedia of Chemical Technology, 


Zee, ~ ev. We pels I= 665. Wiley, — 963), 


Meehan, E. J. and Hugus, 4. Z., "Light Scattering 
Functions for Spherical Particles with m = 1.65 (0.05) 
es One nl ODE SOC. 4 Aine > by “Die 60 Marcie oorle, 


Penndert, Rw oB., An Approximatron Method to whe Mie 
Ne Onye to reseo local Spheres, Subhas ew Chem ja aos, 
p. 1537-1542, December 1958. 


43 


I3y, 


14, 


Le. 


IG 


lz. 


Jbrsee 


Penndorf, R. B., “New Tables of Total Mie Scattering 
Coefficients for Spherical Particles of Real Refrac- 
tive Indexes (1.3372 n7c 50s ol ae OPE OOS ie 
v. 47, p. 1010-1015, November 1957. 


Phelps, J. P., Particle Size Determination Using a 


Laser Light Transmission Technigue, M.S. Thesis, 
Naval Postgraduate School, Monterey, California,1968. 


schmidt, J. M., An Experimental Study of the Behavior 


Of Liguicr streams simjectece tho 4 elOWkreoo tle 
Chamber, Progress Report No. 4-94, Jet Propulsion 


Laboratory, California Institute of Technology, 
Pasadena, California, April 1949. 


Schweitzer, P. H., "Mechanism of Disintegration of 
EiGuUBemg CES; 0 APD mE nyiSem, Vee) (Pe SU osc ey 
August 1937. 


Schahrokhi, F. and Wolf, P., Mie-Scattering Functien: 
NASA CR-1022, April 1968. 


van de Hulst, H. C., Light Scattering by Small Particles, 
Wiley, 1957. 


44 


PViettA iw Dist REBULION. List 


Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0212 
Naval Postgraduate School 
Monterey, California 93940 


Commander, Naval Air Systems Command 
Navy Department 
Washington, D.C. 20360 


Chairman, Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


Professor D. C. Wooten 
Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


EtG... sO. .cOrey, UsoN 


3437 Tanglewood Dr. 
Sarasota, Florida 33580 


45 


NO; 


Copies 





UNCLASSIFIED 


Secunty Classification 


DOCUMENT CONTROL DATA-R&D 


Security Classification of titfe, body of abstract and indexing annotation must be entered when the overall report is classified) 


ORIGINATING ACTIVITY (Corporate author) 24. REPORT SECURITY CLASSIFICATION 


Naval Postgraduate School Unclassified 


BEPORT TITLE 


DROPLET SIZE MEASUREMENTS FOR LIQUID STREAMS INJECTED 
INTO A LOW-PRESSURE CHAMBER USING A LIGHT TRANSMISSION TECHNIQUE 


DESCRIPTIVE NOTES (Type of report and,inclusive dates) 


Master's Thesis; October 1969 


3. AUTHOR(S) (First name, middle initial, last name) 


Rebert Orrin Corey, Lieutenant (junior grade), United States Navy 


» REPORT OATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REFS 
October 1969 44 18 


3@2. CONTRACT OR GRANT NO. 94a. ORIGINATOR’S REPORT NUMBER(S) 





6b. PROJECT NO. 


Cc. 96. OTHER REPORT NO(S) (Any other numbers that may be assigned 
this report) 


10. DISTRIBUTION STATEMENT 


beamiatoution of this document is unlimited. 
11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 


Monterey, California 93940 





13. ABSTRACT 


An apparatus was constructed for optical investigation 
of the sprays produced by liquid injection into a vacuum 
using various nozzle orifice sizes and driving pressures. 
A light transmission technique was employed to measure the 
mean diameter of the droplets in acetone sprays. Indepen- 
dent calculation of the densities of the sprays allowed the 
droplet sizes to be established by measuring the optical 
transmittance of a single spectrally pure wavelength of light 
through the sprays. A graph of droplet diameter, normalized 


for nozzle orifice diameter, vs. driving pressure was con- 


structed. Mass and volume flow rates for the liquid injection 
system were calculated. 


| 
DD FoP".1473 (Pace 1) UNCLASSIFIED 


S/N 0101-807-6811 4 7 Security Classification er 


Security Classification 


KEY WOROS | 


DROPLET SIZES 
LIGHT TRANSMISSION 


DD 72"..1473 (sack) 


fs Shed 48 UNCLASSIFIED 
IN 101-807-687} Security Classification A-31408 




















thesC 75463 
roplet size measurements for liquid str 


mit 





